Abstract Many of the synthetic biological devices, pathways and systems that can be engineered are multi-use, in the sense that they could be used both for commerciallyimportant applications and to help meet global health needs. The on-going development of models and simulation tools for assembling component parts into functionally-complex devices and systems will enable successful engineering with much less trial-and-error experimentation and laboratory infrastructure. As illustrations, I draw upon recent examples from my own work and the broader Keasling research group at the University of California Berkeley and the Joint BioEnergy Institute, of which I was formerly a part. By combining multi-use synthetic biology research agendas with advanced computer-aided design tool creation, it may be possible to more rapidly engineer safe and effective synthetic biology technologies that help address a wide range of global health problems.
Synthetic biological systems constructed through genetic engineering (Carothers et al. 2009 ) may help meet global health needs by providing routes to discover and produce low cost nutrients, drugs, vaccines and medical diagnostic materials (Gostin 2007; Keasling 2010) . Creating approaches that minimize the time and resources required to engineer novel systems will be essential, particularly for applications targeting diseases and conditions of poverty in low and middle-income countries (Towse and Kettler 2005) . With regard to safety, security and bioterrorism, 'multi-use' synthetic biology is often seen as a pejorative (Koblentz 2009 )-something to guard against. But, in terms of the potential for using synthetic biology for global health, multi-use may be the 'feature, not the bug'.
1 Here, I argue that research agendas advancing design-driven, multi-use synthetic biology may lead to efficient platforms and tools for addressing a variety of global health challenges.
4,000-year-old Egyptian depictions of fermentation to make beer show that humans have a long history of harnessing the biotransformation potential of microorganisms (Rosicrucian Egyptian Museum 2012) . In the modern era, microbial biotransformations have played crucial roles in producing materials for health and medicine; the successful development of penicillin between the years of 1928 and 1942, is one of the earliest, and best-known, examples. Remarkably, following the initial clinical trials, large-scale penicillin production was obtained in only 4 years, with yields increasing from 1 % in bench-top, 1 L cultures to 80-90 % in 38,000 L tanks (American Chemical Society 2012) .
The development of recombinant DNA technologies in the 1970s meant that microbes could be purposefully constructed to produce targeted compounds, as compared to being restricted to the relatively small set of molecules that could be produced in large-scale cultures from naturally-occurring (or randomly mutagenized) organisms (Carothers et al. 2009 ). The successful production of human insulin from an engineered strain of the common gut bacterium Eschericia coli by Genentech, Inc. in 1982 was a landmark accomplishment. Roughly speaking, the challenge was to engineer a genetic cassette to overexpress a single gene product that was subsequently purified from the E. coli cell. The result was an insulin supply free of dangerous porcine-related antigens and a vivid demonstration of the potential for using genetic engineering to address health needs (Johnson 1983) .
Synthetic biological systems are comprised of large numbers of components with activities that must be precisely coordinated to obtain the desired functions (Holtz and Keasling 2010) . As a consequence, the challenges involved in engineering synthetic biological systems are fundamentally different from those associated with constructing microbial platforms to overproduce a single therapeutic protein like insulin. To obtain high levels of production, much of the engineering effort must be aimed at solving the embedded pathway and system control problems, such as preventing the buildup of toxic intermediates or the wasteful overexpression of pathway enzymes (Carothers et al. 2009 ). For example, engineering E. coli and yeast platforms to produce the antimalarial compound, artemisinin (Ro et al. 2006 ) (Westfall et al. 2012) , required carefully balancing the expression levels and activities of 8 to 11 different gene products. In practice, thousands of iterations of laboratory testing and analysis (and dozens of person-years) were necessary to assemble more than 30 unique genetic elements and give yields high enough to support economically-viable production (Westfall et al. 2012) .
There are four take-home messages: (1) humans have a long history of using microbes for specific applications (2) there is a 30? year track record of safely engineering microorganisms for health and medicine (3) the challenges involved in engineering synthetic biological systems are fundamentally different from those involved in engineering microbial systems to overproduce individual therapeutic proteins and (4) many resources, in the forms of people, laboratory infrastructure and money have been essential for engineering synthetic biological systems for novel applications. Next, I will examine how the material and human resources necessary for synthetic biology applications in global health can be reduced by emphasizing the development of multi-use biological devices, platforms, and systems.
Multi-use platforms for applied synthetic biology
Artemisinin is just one compound in a family of more than 100,000 isoprenoid-pathway derived molecules (Chang and Keasling 2006) . Many terpenes are encountered in foods (e.g. lycopene is the red color in tomatoes) and smells (e.g. limonene is a component of lemon scent), while others are pharmacologically-active or have chemical properties that make them good candidates for bio-based diesel and jet fuel replacements (Lee et al. 2008) . Because isoprenoids are structurally-and functionally-diverse, the artemisinin production systems are very good case studies in multi-use synthetic biology. In this regard, it is noteworthy that Amyris, Inc. is building a business for producing isoprenoid-based chemicals and fuels by reengineering the pathways and yeast chassis, or platform hosts, that were initially engineered to produce artemisinin. That is, engineering systems for high-titer isoprenoid production led not only to a new source of the antimalarial compound, but also enabled the construction of industrial biotechnology platforms with significant commercial value (Dietrich et al. 2011) . Separately, efforts to engineer synthetic biological systems to produce isoprenoid-based fuels such as bisabolene ) from renewable lignocellulosic materials (Bokinsky et al. 2011 ) are now major projects of the US Department of Energy Joint BioEnergy Institute.
In fact, there are many devices, pathways, and systems with multi-use potential. As a second example, I initiated a project to engineer an E. coli platform for p-aminostyrene (p-AS) production. p-AS is a vinyl aromatic whose copolymers have optical and mechanical properties that may be useful for a number of advanced applications, including as materials for photonics, photovoltaics and biomedicine (Goikhman et al. 2011) . In principle, p-AS can be synthesized in 14 enzymatic steps; 12 steps to convert sugar (glucose) to p-aminophenylalanine (p-AF) and two steps to convert p-AF to p-AS (Fig. 1 ). p-AF is both the immediate chemical precursor of the pristinamycin family of antibiotics (Blanc et al. 1997; Reid et al. 2010 ) and novel compounds investigated as diabetes treatments (Duffy et al. 2007 ). Several of the immediate chemical precursors of p-AF are themselves starting points for synthesizing potent analgesic compounds (Juminaga et al. 2012 ). Above, I described how the commercial development of isoprenoidbased chemicals and fuels was coupled to the development of the artemisinin production system. Similarly, the development of reengineered platforms for reliable, low cost antibiotic or analgesic production could be supported by coupling those projects to the creation of platforms for producing high-value, industrially-relevant aromatic compounds (Sariaslani 2007).
Progress toward design-driven synthetic biology
Models and simulation tools for designing and assembling components into functionally complex devices and systems are the hallmarks of most engineering fields. Identifying the relevant design parameters and defining the domains over which expected component behaviors are exerted have been key steps in the development of these technologies (Goler et al. 2008) . For instance, early progress in the 1970s toward electronic design automation, which can now be used to assemble integrated circuits with millions of transistors, was predicated upon techniques for simulating modular network responses and geometric rules for specifying physical implementations (Mead and Conway 1980) . In chemical engineering, otherwise difficult design problems are made tractable by framing them as unit operations such that complex processes can be evaluated with coarsegrained models (Chau 2002) . Biological systems exhibit functional complexity due to component interactions at many different scales, from individual protein and RNA subunits to genes, pathways, circuits and cells (Hazen et al. 2007 ). In the absence of effective models and simulation tools, it remains difficult and resource intensive to engineer complex biological devices and systems (Keasling 2010) .
To show that biochemical and biophysical modeling can be used to develop effective biological design methods, we formulated an approach (Fig. 2) for engineering RNAbased genetic control devices with quantitatively-predictable activities (Carothers et al. 2011 ). We used mechanistic modeling and kinetic RNA folding simulations to design RNA devices that can program gene expression in pathways engineered to produce industrial chemicals, establishing a conceptual and experimental framework for developing computer-aided design (CAD) platforms for complex RNA-based genetic control systems. The excellent quantitative agreement between the predicted and measured gene expression levels (94 % correlation) experimentally validated both the underlying models and the overall design strategy. We have also shown that these devices can be employed as dynamic biosensors and controllers for metabolic pathways and circuits. In principle the same approach can be used to engineer programmable biosensors responsive to almost any targeted molecule (Carothers et al. 2010) . The ability to engineer genetic control devices that can couple production to biosensing is expected to increase the sizes and complexities of the systems that can be engineered if individual devices, pathways and circuits can be constructed to dynamically tune expression levels and optimize functions in novel contexts (Holtz and Keasling 2010) . Biosensor host cells engineered with RNA-regulated expression devices could function as components of multiplexed, point-of-care diagnostics that detect pathogens or nutritional states and produce genetically-encoded outputs that are easy to observe even in low-resource clinical settings (Yager et al. 2008) (Fig. 3) .
The successful development of our model-driven approach for engineering RNA devices relied upon the application of three generalizable strategies for managing biological complexity and enabling engineering tractability (Hazen et al. 2007 ). First, a coarse-grained mechanistic model (Chau 2002) , based on well-understood biochemistry (Deana et al. 2008) , was created to simulate device functions from measurable and tunable component characteristics. Second, global sensitivity analysis (Saltelli et al. 2008 ) was employed to map the space of feasible designs and focus efforts on design variables that make the largest contributions to device functions. Third, by separating functional design from physical implementation (Mead and Conway 1980) we could investigate biophysical constrains and create a method to enable device assembly from individuallyengineered and characterized components. Fig. 1 Eschericia coli platform for p-aminostyrene production. Many synthetic biological devices, pathways and systems have multi-use potential; they can be used to produce both industrially-relevant compounds and low cost materials for global health. As shown, metabolic pathways constructed to produce industrially-relevant aromatics (p-aminostryene, p-AS) could be reengineered to producelow cost drugs, such as painkillers (opiate analgesics), experimental type II diabetes treatments (dipeptidyl peptidase IV inhibitors) and antibiotics (pristinamycin antibiotics). Gene products and molecule names are as described (Carothers et al. 2011) Design-driven, multi-use research agendas 81
Naturally-occurring biological systems have evolved control circuitry that couples chemical inputs to genetic outputs in order to minimize the accumulation of toxic intermediates and maintain homeostasis (Carothers et al. 2009 ). We have demonstrated that models and simulation tools can inform the design and analysis of synthetic control circuitry by engineering E. coli dynamic sensor-regulator systems (DSRS) that produce fatty acid-based chemicals and biodiesel molecules (Zhang et al. 2012 ). We used mechanistic modeling to interrogate the DSRS design space and identify parameters consistent with targeted biodiesel production performance criteria. Global sensitivity analysis showed that relative improvements in biodiesel production could be obtained across a broad range of parameter values and regulatory topologies. Consistent with the simulation results, DSRS-controlled strains exhibited more genetic stability and produced 3 times more fatty acid ethyl ester biodiesel than strains without the DSRS, with production reaching 28 % of the theoretical maximum, showing that genetic control system engineering can significantly improve production. Protein-or model-driven RNA genetic device engineering that extends DSRS-control to other Fig. 2 Design-driven RNA device engineering. We formulated a model-driven approach for engineering RNA-based genetic control devices to program pathway and circuit gene expression, with a 94 % correlation observed between the predicted and measured outputs. This approach could be used to engineer sets of static and dynamic RNA devices and implement novel designs derived from systemslevel models (after Carothers et al. 2011 ). More broadly, this work established generalizable frameworks for integrating biochemical and biophysical modeling and developing biological CAD tools that reduce the time and resources needed to engineer functionallycomplex devices, pathways and systems (Carothers et al. 2011 ) could be designed for dessicated (Billi et al. 2000) engineered biosensor hosts to function as point-of-care diagnostics that produce genetically-encoded outputs upon detecting target compounds, such as pathogen biosensors or nutritional states pathways and systems should be a general procedure for improving the efficiency of biosynthetic production platforms (Zhang and Keasling 2011) .
Our results show that it may be possible to use biochemical and biophysical modeling to develop full-fledged CAD platforms for designing complex genetic control systems (Carothers et al. 2011 ). In turn, by making it easier to implement novel designs, CAD tools can dramatically reduce the number of genetic variants that must be tested, which decreases the amount of large-scale, trial-and-error experimentation and laboratory infrastructure required. By employing algorithms that optimize the process of genetic construction (e.g., identifying ways to reuse genetic material, and otherwise minimize de novo oligonucleotide synthesis), new DNA design software like 'j5' (Hillson et al. 2011; Chen et al. 2012) further lessens the volumes and costs of materials and reagents. TeseleGen, Inc., a company developing commercial versions of the j5 DNA design software, has said that their existing design algorithms can reduce the time needed to construct a simple metabolic pathway by 20 % (to approximately 2 weeks), and at half the cost ($700 USD), compared to traditional cloning. They have estimated that a j5-designed combinatorial library of 240 constructs would cost \$30,000 to assemble with an optimized strategy, and take only 1.5 months, compared to the roughly $120,000 cost and 11 months required using traditional cloning. By way of comparison, TeseleGen estimates that direct DNA synthesis of the same 240 constructs would cost $540,000 at current prices. Although peer-reviewed data are not yet available to evaluate the TeseleGen claims, it is clear that these kinds of improvements in model-driven synthetic biology [other recent advances are reviewed in (Koeppl 2011) (Blount et al. 2012) , (Medema et al. 2012) and (Shiue and Prather 2012) ] will reduce the number of cycles of design, construction and analysis needed to engineer systems that meet performance goals.
Research agendas for global health
If agreements for licensing and material sharing can be established (Roose-Snyder and Doyle 2009; Oye and Wellhausen 2010) , it may be feasible to reengineer devices and systems for a given global health application through collaborations between researchers in scientificallyadvanced countries, scientists in lower-resource settings and members of the Do-It-Yourself (DIY)-bio community (Fig. 4) . A loose model of distributed system construction and optimization may enable global health priorities to be addressed even when they fall under the radar of researchers (or, more pointedly, their funding sources) in scientifically-advanced countries. Such a strategy would also help ensure equitable access to new technologies by providing vehicles for developing-country scientists to nurture their own technical capabilities (Wagner et al. 2001 ) while identifying and addressing region-specific issues. A recent analysis of pharmaceutical biotechnology innovation in developing countries (specifically, India, China and Brazil), showed between country differences in targeted disease areas (Rezaie et al. 2012) . For instance, of the 165 compounds developed by 41 indigenous companies, Indian firms accounted for 66 % of the drugs for infectious diseases and 85 % of the products for diabetes. Interestingly, 16 of the compounds identified by the study are for diseases primarily affecting the developing world, suggesting that the involvement of indigenous firms may intensify the amount of research focused on global health problems (Rezaie et al. 2012) .
Even though most developing countries do not have the scientific and industrial capabilities of India, Brazil and China, researchers in lower-resource settings can nonetheless participate in the creation of global health solutions employing synthetic biology. Constructing a functional synthetic biological system is only one part of deploying a new technology and addressing global health problems in contexts with the most need, which will necessarily have enormous operational and governance challenges, many of which are outlined in some detail by Zhang in this issue. Clearly, scientists in developed nations are not privy to those contexts and it will be imperative to work with scientist in low resource settings to establish research agendas, to shape the system design goals to address contextual constraints and, more pragmatically, to establish supply chains for obtaining media and performing the process engineering needed for scale-up. Vaccine trials conducted in low resource settings have shown that interactions with local scientists and health care delivery personnel help build indigenous capacity and identify contextual constraints imposed by limited technical training and fragmented supply chains (Marchetti et al. 2012) . Researchers conducting trials for the MenAfriVac TM epidemic meningitis vaccine in West Africa found that the on-site development of 'must have' standard operating procedures helped ensure that the sites were prepared to perform the work and resulted in formal mechanisms for sharing best practices. Mocked-up vaccine shipments provided a route for technical training and enabled the sponsors to identify conditions, such as extreme weather, low vehicle access, and poor road quality, that might otherwise prevent coldchain maintenance (Marchetti et al. 2012) . Douglas and Stemerding (this issue) provide further discussion of the 'real world contexts' in which synthetic biology might be deployed to meaningfully address global health problems.
The crowd-sourced protein folding and design 'games' undertaken by the global Foldit community to identify inhibitors that bind and inhibit the 1918 pandemic influenza virus have shown that distributed problem solving in medicine and health can be very powerful (Fleishman et al. 2011) .
The global Foldit community is comprised of thousands of people, many of whom lack formal scientific training altogether. Protein folding and design problems are cast in the form of collaborative games, using software written for this purpose. Although it is not clear how many participants in the flu inhibitor game were from developing countries, this example is important because it shows that non-experts can be involved in cutting edge research. Interestingly, several of the protein folding algorithms created by the 'non-expert' gamers have been superior to those developed using state-ofthe-art computational method (Khatib et al. 2011) . Similarly, it is not difficult to imagine that DIY-bio communities, comprised of individuals with broad differences in levels of formal scientific training, could be readily engaged to tackle problems in global health (see Landrain et al. and Betten et al. in this issue for further description of DIY-bio and the role for different stakeholders in developing these technologies, respectively). Federally-funded researchers in the United States must follow the strictest US National Institutes of Health (NIH) and Centers for Disease Control and Prevention (CDC) biosafety regulations for human safety and to prevent the accidental release of engineered materials into the environment (Gutmann and Wagner 2010) . Of course, there is nothing to guarantee that health-oriented bioengineering will be done with the world's safety in mind, or that 'technical vectors' will be sufficient for avoiding adverse outcomes, no matter how small the risks presently appear (Bennett et al. 2009 ). For this reason, experimental research to assess and mitigate potential risks associated with large-scale biotechnology deployment will be crucial for ensuring that engineering and process controls to safeguard health and the environment advance alongside other developments in synthetic biology (Gutmann and Wagner 2010; Dana et al. 2012) .
Multi-use is the feature
The artemisin and p-AS pathways were presented as illustrations of biosynthetic platforms that can be engineered to produce marketable chemicals and subsequently reengineered to produce low cost global health materials. Among the many other examples are systems for producing fatty-acids (Steen et al. 2010) , alkaloids (Dietrich et al. 2011) , polyketides (Keasling 2010 ) and utilizing nitrogen flux (Huo et al. 2011) . Notably, the development of efficient, scalable biosynthetic platforms also provides experimental testbeds for creating CAD tools and design-driven approaches (Carothers et al. 2011 ) that reduce the demands for wet-lab infrastructure and repeated iterations of trialand-error optimization (Carothers et al. 2009 ). While the development of generalizable production platforms could offer routes to rapid innovation (Rip and Kemp 1998) , CAD tools and design-driven approaches should also be useful for rapidly constructing customized biosensors, pathways, and systems for more niche applications. In either case, it is important to realize that there are no engineering 'silver bullets', and that a given synthetic biological device or system will rarely be sufficient for solving any particular global health problem (Hersch 2012) . The on-going development of design-driven approaches for synthetic biology is quickly increasing the sizes and complexities of the systems that can be constructed. I am optimistic that collaborations can be formed to exploit and distribute these technologies as parts of broader efforts to solve some of the world's most pressing problems. Fig. 4 Applied synthetic biology for global health. Research agendas should target biosynthetic and biosensor platforms with multi-use potential, as identified by market research and analysis of global health priorities. Researchers in scientifically-advanced nations could perform initial system design and experimentation, with industriallyrelevant materials produced following device, pathway and system optimization focused on commercial development. Device, pathway and system reengineering for applications in global health could then be carried out in collaboration with scientists in lower-resource countries and the DIY-bio community by the Joint BioEnergy Institute (US Department of Energy, Office of Science, Office of Biological and Environmental Research, through contract DE-AC02-05CH11231) and, in part, by a Jane Coffin Childs Memorial Fund Postdoctoral Fellowship. J.M.C. is currently a Fellow of the Alfred P. Sloan Foundation.
